Plant annexins are calcium-and lipid-binding proteins that have multiple functions, 35 and a significant amount of research on plant annexins has been reported in recent 36 years. However, the functions of annexins in diverse biological processes in rice are 37 largely unclear. Herein, we report that OsANN4, a calcium-binding rice annexin 38 protein, is a substrate for OsCDPK24, and the OsANN4 phosphorylation site is the 39 13th serine, which is a key site for phosphorylation. Most strikingly, abscisic acid 40 (ABA) promotes the interaction between OsANN4 and OsCDPK24. Moreover, 41 knocking down OsANN4 by RNA interference resulted in visible and invisible 42 phenotypes with exogenous ABA treatment, such as shorter shoots of seedlings, less 43 lateral roots, earlier root aerenchyma formation and so on. The further analyzed 44 results showed that decreased superoxide dismutase (SOD) and catalase (CAT) 45 activity of the RNAi lines, which control H2O2 accumulation for redox homeostasis, 46 and further promoted earlier aerenchyma formation of the root. These results suggest 47 that a proposed molecular mechanism exists between OsANN4 and H 2 O 2 production 48 to response ABA. 49 
Some annexins have no type II Ca 2+ -binding sites, including some rice annexins, 89 indicating that different protein conformations and different mechanisms for binding 90 phospholipids may exist. 91 Plant annexins are reportedly tissue-specific, and their expression is regulated 92 developmentally. Recent results also suggested that annexins play an important role in (Kovacs et al., 1998) . AtANN1 and AtANN4 play important roles in osmotic 98 stress and ABA signaling in a Ca 2+ -dependent manner (Jami et al., 2012) . AtANN1 99 was proven to act as an H 2 O 2 sensor (Laohavisit et al., 2010) . The expression of 100 annexin upon ROS regulation have been identified in several organism types, 101 including plants and animals (Richards et al., 2014) . The rice OsANN1 gene shows 102 the ability to confer heat and drought stress tolerance by modulating antioxidant 103 accumulation under abiotic stresses (Qiao et al., 2015) . 104 Sequence analysis revealed that annexin may have a post-transcriptional 105 modification site such as a phosphorylation site, which may be a substrate for protein 106 kinases (Jami et al., 2012) . Evidence obtained using a tandem affinity purification 107 approach to identify protein complexes suggests that annexin may interact with 108 various kinases, including receptor-like kinase, sterile-20 (Ste20)-like kinase, 6 reverse transcription PCR. For sequencing and subcloning, the products were initially 148 ligated into a PMD18-T vector. After sequencing, the fragment was cut with XbaI and 149 KpnI and inserted into the PMDC83 expression vector driven by a CaMV35S 150 promoter. To construct the RNA interference vector, the 347-bp coding sequence of 151 OsANN4 was amplified with primers P3 and P4, digested with SacI and SpeI followed 152 by BamHI and KpnI, and subsequently ligated into the pTCK303 vector. 153 For the Ca 2+ -binding assay, the expression vector pET28a-OsANN4 was 154 constructed. Primers P5 and P6 were designed, and the full-length cDNA encoding 155 OsANN4 was subcloned into E. coli between the EcoRI and HindIII sites in an 156 orientation such that the cDNA sequence was followed by a His tag. 157 For the pull-down assay, the expression vector pGEX4T-1-OsANN4 was 158 constructed. The full-length cDNA encoding OsANN4 was ligated into pGEX4T-1 159 using primers P5 and P6 to obtain the cDNA sequence followed by a GST tag. The 160 expression vector pET28a-OsCDPK24 was constructed by using primers P7 and P8. 161 For the LCI assay, the full-length cDNA encoding OsANN4 was ligated into 162 pCAMBIA-Cluc by using primers P9 and P10, and OsCDPK24 was ligated into 163 pCAMBIA-Nluc by using primers P11 and P12. 164 For the construction of pET28a-OsANN4(S13A), the primers P5 and P6 were used 165 and the vector of OsANN4(S13A)-Cluc was constructed by using primers P9 and P10. 166 Site-directed mutagenesis was finished by a fast mutagenesis kit (Tiangen, China). 167 All primer sequences used in these experiments are listed in Table S1 
RESULTS

292
OsANN4 responses to exogenous abscisic acid in rice 293 We cloned and obtained a putative annexin family gene in rice, OsANN4, which is a 294 ortholog of AtANN4 (Fig. 1A) . The genomic sequence of OsANN4 consists of 5 exons ABA treatment for 6 h, which showed that OsANN4 may respond to exogenous 305 abscisic acid ( Fig. 1B) . 306 To test whether OsANN4 is sensitive to ABA treatment, fifteen independent 307 knocking down OsANN4 transgenic lines were generated. Quantitative real-time PCR 308 analyses showed that OsANN4 was down regulated in all the RNAi lines ( Fig. 1D ). 309 The homozygous plants of R4, R12 and R15 showed obviously decreased 310 transcriptional level of OsANN4 and to be used for the further analyzed. Seeds from a Supplementary Fig. S2A ). Otherwise, the shoots of RNAi lines were shorter than WT 316 with ABA ( Fig. 1C, E) . Furthermore, the length of the root and the numbers of 317 adventitious roots were not significantly different from that of the wild type after 318 ABA treatment, whereas the number of lateral roots was significantly less relative to 319 wild type line (Fig. 1E, F) . This result indicates that the RNAi seedlings are sensitive 320 to ABA in the early seedling stage.
12
To understand if OsANN4 expression is involved in ABA response, we further 322 examined the expression levels of OsANN4 and several genes related ABA 323 biosynthesis and response in RNAi lines and WT treated with 10 μ M ABA for 0h, 324 0.5h, 1h, 3h and 6h. The expression levels of OsANN4 in RNAi lines were always 325 lower relative to WT ( Supplementary Fig. S2B ). Under both normal and ABA 326 treatment, OsNCED4 and RAB16A expression were decreased in the RNAi lines, 327 especially in 6h ( Supplementary Fig. S2C, S2E ). However, the expression of the RNAi lines showed no significant difference in activities of both SOD and CAT 343 relative to those of the WT without treatment. After ABA treatment for 1h, both the 344 SOD and CAT activities of RNAi lines were decreased relative to WT ( Fig. 2A, B ). 345 We further detected H 2 O 2 content in 7-d-old RNAi and WT seedlings. The RNAi 346 lines showed increased H 2 O 2 content in both shoots and roots after 10 μ M ABA 347 treatment (Fig. 2C, D) . The results were consistent with SOD and CAT activity. Next, 348 we assayed the production of H 2 O 2 in situ of RNAi lines and WT. Seven-day-old rice 349 seedlings were treated with or without 10 μ M ABA for 5h, roots and leaves were then was observed only in the RNAi lines and not in the WT at 3-mm from root tips. 365 Furthermore, aerenchyma formation was observed in both RNAi lines and WT at the 366 5-mm transverse sections (Fig. 3A, B ). Then we also detected H 2 O 2 content of 367 12-d-old RNAi and WT seedlings with 10 μ M ABA treatment. The RNAi lines 368 showed higher H 2 O 2 content relative to WT with ABA treatment, which may result in 369 an increase in the number of aerenchyma in the RNAi lines ( Supplementary Fig. S3 ). 370 We further assessed the stomatal apertures of these plants using scanning electron 371 microscopy images of rice leaves. The proportion of stomatal closure in WT was 372 significantly increased with ABA treatment than that without ABA treatment. 373 However, for RNAi plants, the statistical showed no significantly differences of 374 stomatal openness and closure with or without 10 µM ABA treatment (Fig. 3C, D OsANN4 (Fig. 4A ). 388 To further verify the interactions between OsANN4 and OsCDPK24, the pull-down 389 system in vitro was carried out. OsCDPK24-His and OsANN4-GST recombinant 390 proteins were induced in Escherichia coli and purified to perform the pull-down assay.
391
OsANN4-GST could pull down OsCDPK24-His, whereas GST could not, it was 392 further proved the interaction between OsANN4 and OsCDPK24 (Fig. 4B ). 393 We also obtained additional confirmation of the interaction between OsANN4 and simultaneously, which showed that OsANN4 can interact with OsCDPK24 ( Fig. 4C ). OsCDPK24, especially in the presence of Ca 2+ (Fig. 5A) . 409 To further demonstrate that OsANN4 was a substrate of OsCDPK24, mass spectrometry was performed to detect specific phosphorylation sites of OsANN4 411 when OsCDPK24 was present. Mass spectrometry analysis showed that OsANN4 can 412 be phosphorylated by OsCDPK24, and the OsANN4 phosphorylation site was the 413 13th amino acid, which is a serine (Fig. 5B ).
415
The interaction of OsANN4 and OsCDPK24 plays a role in the response to ABA 416 To determine whether the interaction of OsANN4 and OsCDPK24 plays a role in 417 the response to ABA, we performed 10 μ M ABA treatment on tobacco leaves injected 418 with Agrobacterium GV3101 containing pOsANN4-Cluc and pOsCDPK24-Nluc. 419 After ABA treatment, LUC cold luminescence signals increased significantly, which 420 demonstrated the interaction between OsANN4 and OsCDPK24 was enhanced with 421 ABA treatment ( Fig. 6A and B) . These results indicated that OsANN4 interacted with 422 OsCDPK24, and this interaction increased under ABA treatment, thus, the 423 OsANN4-OsCPK24 interaction may play a role in the response to ABA in rice. 424 To demonstrate whether the phosphorylation of OsANN4 plays a role in response 425 to ABA signaling, we mutated the serine (S) residue with non-phosphorylatable 426 alanine (A) to inhibit the phosphorylation of OsANN4 and constructed the pOsANN4 427 (S13A)-Cluc vector to perform an LCI assay. We found that after mutation of 428 phosphorylation site in OsANN4, OsANN4 still can interact with OsCDPK24. After 429 spraying with ABA, the responses of OsANN4 (S13A)-Cluc and OsCDPK24-Nluc to 430 ABA were significantly weakened (Fig. 6C, D) . This suggests that this key 431 phosphorylation site plays an important role in OsANN4 response to ABA. Since the phosphorylation site of OsANN4 plays a role in the ABA response, we 456 examined whether this phosphorylation site affects its binding to Ca 2+ . OsANN4 457 (S13A)-His recombinant protein was induced and purified to perform the above 458 fluorescence assay. The results showed that upon excitation at 315 nm (Fig. 5D ), the 459 fluorescence emission spectrum of OsANN4 (S13A)-His recombinant protein 460 remained unchanged whereas the fluorescence level has changed (Fig. 5F) of SOD and CAT with ABA treatment, and more H 2 O 2 content was measured (Fig. 2) , 476 further resulted in earlier aerenchyma formation (Fig. 3A, B ). We conclude that In rice, a previous study showed that a rice calcium-dependent protein kinase study, we demonstrated that OsANN4 interacts with the kinase OsCDPK24 (Fig.4) , 497 and furthermore, this interaction plays a role in the ABA response (Fig. 6) . Moreover,
498
OsANN4 is a substrate for OsCDPK24 and OsANN4 phosphorylation site is the 13th 499 serine (Fig. 5) , which is a key site for phosphorylation. After mutated the serine 500 residue with non-phosphorylatable alanine (A) to inhibit the phosphorylation of 501 OsANN4, the conformation of OsANN4 has changed (Fig. 5F ) and the interaction of 502 OsANN4 and OsCDPK24 was weakened (Fig. 6C, D Table S1 . Primer sequences used in plasmid construction and qPCR. 
